ABSTRACT Activity of 5-methylthioribose kinase, the enzyme which catalyzes the ATP-dependent formation of 1-phospho-5-methylthioribose, has been revealed in the extracts from various higher plant species. AMmost 2,000-foldpurfied enzyme has been obtained from yellow lupin (Lupinus luates L. cv Topaz) seed extract. The nucleoside does not accumulate in cells and is effectively degraded. In animals (16), Euglena gracilis (14), fungi (12), and the thermophylic bacterium Caldariella acidophila (6), MTA is cleaved phosphorolytically, yielding adenine and MTR-l-P (Formula II), whereas in other bacteria (7, 23) and in plants (5, 1 1) it undergoes hydrolysis yielding adenine and MTR. Adenine can enter the pool ofadenine nucleotides through the action ofadenine phosphoribosyltransferase, but the metabolic fate of MTR remained obscure. As was established earlier, the methylthio group of MTA (MTR) can be incorporated back into methionine (1, 17, 21) and recently it has been demonstrated in yeast (20), rat liver (4, 22) , Enterobacter aerogenes (19), apple (25), and tomato (24) tissues that MTA (MTR) furnishes both the methylthio group and the four-carbon chain of methionine. In partially fractionated rat liver homogenates, the MTR-1-P proved to be the compound which enters the novel pathway of methionine synthesis (4, 22) and in cell-free extracts of E. aerogenes where, as mentioned above, MTA is degraded hydrolytically (7), the first step in the pathway is the phosphorylation of MTR by a specific 5-methylthioribose kinase (8) yielding MTR-1-P.
MTA' (Formula I), occurs in a variety of organisms. It is produced from S-adenosylmethionine by different processes (see
CH3S CH3S
(Iii (I) s compilation in Ref. 11) . Two of them, polyamine biosynthesis (5) and ethylene production (2) , have been demonstrated in plants. ' Abbreviations: Bicine, N,N-bis(2-hydroxyethyl)glycine; MTA, 5'-deoxy-5'-methylthioadenosine; MTR, 5-deoxy-5-methylthioribose; MTR-I-P, I-phospho-5-deoxy-5-methylthioribose; PEI, polyethylenimine.
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The nucleoside does not accumulate in cells and is effectively degraded. In animals (16) , Euglena gracilis (14) , fungi (12) , and the thermophylic bacterium Caldariella acidophila (6) , MTA is cleaved phosphorolytically, yielding adenine and MTR-l-P (Formula II), whereas in other bacteria (7, 23) and in plants (5, 1 1) it undergoes hydrolysis yielding adenine and MTR. Adenine can enter the pool ofadenine nucleotides through the action ofadenine phosphoribosyltransferase, but the metabolic fate of MTR remained obscure. As was established earlier, the methylthio group of MTA (MTR) can be incorporated back into methionine (1, 17, 21) and recently it has been demonstrated in yeast (20) , rat liver (4, 22) , Enterobacter aerogenes (19) , apple (25) , and tomato (24) tissues that MTA (MTR) furnishes both the methylthio group and the four-carbon chain of methionine. In partially fractionated rat liver homogenates, the MTR-1-P proved to be the compound which enters the novel pathway of methionine synthesis (4, 22) and in cell-free extracts of E. aerogenes where, as mentioned above, MTA is degraded hydrolytically (7) , the first step in the pathway is the phosphorylation of MTR by a specific 5-methylthioribose kinase (8) yielding MTR-1-P.
So far, the biochemical steps of the conversion of MTR to methionine in plants have not been shown. Yung et al. (25) working with apple plugs were not able to detect MTR-1-P. The lack of accumulation of a given metabolite in the tissue, however, does not preclude the possibility that the compound may be synthesized but undergoes rapid transformation. Here, evidence is presented that, in higher plants, MTR-1-P may be an intermediate on the pathway leading from MTR to methionine, since a specific 5-methylthioribose kinase occurs in the organisms. The purification procedure and characterization of the enzyme from yellow lupin seeds are described. Determination of Km Values. In the kinetic studies, the pattern of the procedure described earlier (10) was applied. To determine the Km value for ATP, the concentration of ATP varied from 3.9 to 1000 ,UM, the other reagents as in the standard mixture. When the Km for MTR was estimated, the concentration of 5-methylthio[U-14C]ribose varied from 0.4 to 13 ltm.
MATERIALS AND METHODS

Plant
Mol Wt Determination. The mol wt of native lupin 5-methylthioribose kinase was determined according to the method of Andrews (3) .
Protein Determination. Protein concentration was determined by the turbidimetric tannin method (15) using BSA as standard. In column eluates, A at 280 nm was monitored.
RESULTS
Characterization of the Product. Conditions necessary for synthesis of l-phospho-5-methylthioribose, which remains at the origin of silica gel plates in the chromatographic system used, are summarized in Table I . That this compound is MTR-1-P is shown by the fact that no radioactivity remained at the origin when the incubation mixture had been supplied either with bacterial alkaline phosphatase or with HC1 (10 mm final concentration) and kept for 5 min at 100°C. After such treatment, the label from the starting point could be recovered in the MTR spot. The results (Table II) . The initial velocity of MTR-1-P synthesis was carefully estimated because the material exhibited considerable amount of an ATPase which competed for one of the kinase substrates.
Purification of 5-Methylthioribose Kinase from L luteus Seeds.
The enzyme purification procedure is summarized in aminohexyl-Sepharose column (1.5 x 13 cm) equilibrated with buffer A. The column was washed with 50 ml of buffer A, and a linear gradient (0-300 mm KC1 in buffer A), total volume 200 ml, was applied. 5-Methylthioribose kinase was eluted between 90
and 110 mm KCI. The active fractions were pooled and the enzyme was precipitated with (NH4)2SO4 (60%o saturation). The precipitate was collected by centrifugation, dissolved in a small volume of buffer B and applied to the Sephadex G-200 column (1.7 x 66 cm) equilibrated with the same buffer. Active fractions which emerged at V/ Vo = 1.65 were pooled, dialyzed against buffer A, and applied on the hydroxyapatite column (1.5 x 3.6 cm) equilibrated with the same buffer. 5-Methylthioribose kinase was not adsorbed under these conditions and emerged in break-through fractions. The fractions were pooled and kept frozen at -20°C. They were used in the experiments described below. No loss of activity was observed after repeated freezing and thawing. Effect of pH. Initial velocity of ATP-dependent phosphorylation of MTR catalyzed by the lupin 5-methylthioribose kinase was tested in 50 mm Good's buffers, Mes, Hepes, and Bicine which covered the pH range from 5.5 to 10.5. The curve of kinase initial velocity versus pH reaches plateau at pH 10 to 10.5 (Fig. 1) .
Metal Ion Requirements. The activity oflupin MTR-kinase was absolutely dependent on divalent metal ions. Chlorides of the following metal ions were tested at 5 mm concentration: Mg2", Mn2 , Ca2 , Co2+, Zn2+, Cu2+, Ni2+, and Ba2 . Among the ions, only Mg2+ and Mn2+ were effective as cofactors but the latter was merely 12% as active as the former. The effect of MgCl2 concentration on the lupin MTR-kinase activity is shown in Figure 2 Specificity for Phosphate Donor. Among the triphosphates of common ribo-and deoxyribonucleosides tested at 1 mm concentration, only two compounds, ATP and dATP, were effective as phosphate donors. In the presence of dATP, the rate of MTR-1-P synthesis was even 20%o higher than in the presence of ATP. AMP, ADP, and a,,f-CH2-ATP were inactive for the 5-methylthioribose kinase.
Speciflity for Phosphate Acceptor. Besides MTR, also 5-isobutylthioribose, an analog of the natural phosphate acceptor, proved to be a substrate for the lupin MTR-kinase. The compound acted as a potent competitive inhibitor as well (Ki = 1.4 uM). In this regard, the D-ribose was without effect (see Table I ). Using
[r32P]ATP and MTR or 5-isobutylthioribose, a new spot of 32P-labeled compound which cochromatographed on PEI-cellulose with "C-labeled MTR-1-P was observed.
Inhibition Studies. The lupin 5-methylthioribose kinase fraction from which 2-mercaptoethanol was removed by dialysis was still active. However, when subsequently preincubated for 20 min at 22°C in the presence of 100 ,tM p-hydroxymercuribenzoate, the kinase lost its activity completely. Treatment of the inactivated enzyme with 10 mm 2-mercaptoethanol or DTT did not restore its activity. Various compounds related to the MTR metabolism were checked at 1 mm concentration as effectors of the reaction catalyzed by the lupin MTR-kinase. Methionine, putrescine, ornithine, spermine, and spermidine had no effect, and the presence of a- keto-y-methiolbutyrate, adenine, S-adenosylhomocysteine, and ADP in the mixture resulted in 10, 25, 36, and 66% inhibition of the rate, respectively.
Mol Wt. 5-Methylthioribose kinase from yellow lupin seeds had an approximate mol wt of70,000 by comparing its elution volumes from gel filtration on Sephadex G-200 with those of proteins of known mol wt. The following standards were used: chymotrypsinogen A (Mr = 25,000), lupin adenosine kinase (Mr = 38,000) (10), lupin 5'-methylthioadenosine nucleosidase (Mr = 62,000) (11), and lupin S-adenosylhomocysteinase (Mr = 110,000) (13) .
DISCUSSION
The data presented in Table I and the fact that the product formed from MTR and ATP is extremely acid-labile and is susceptible to phosphatase action suggest that a kinase which specifically phosphorylates MTR at C-1 occurs in plants. As shown in Table II , the activity of the kinase occurs in all the plants studied. In the seeds, the activity appeared to be very low. However, assuming that the MTR-kinase plays a role in salvage of the MTA (MTR) methylthio group for methionine biosynthesis, it seems plausible that its level increases in tissues with intensive polyamine biosynthesis or ethylene production (e.g. developing seedlings and ripening fruits, respectively). Specific activity of the MTR kinase in extracts from cucumber cotyledons or maize scutella was higher than that from lupin seeds. For enzyme purification, however, the latter source was chosen as more convenient to prepare the appropriate amount of starting material. The most effective step of purification procedure (Table III) appeared to be the adsorption chromatography on hydroxyapatite (Bio-Gel HTP) column. This step can be performed very quickly since the enzyme is not retained by the gel and emerges in breakthrough fraction. Despite almost 2,000-fold purification, the most highly purified fraction of the 5-methylthioribose kinase was far from homogeneity as judged by disc electrophoresis and SDSpolyacrylamide gel electrophoresis (not shown). Therefore, only the mol wt of the native enzyme could be estimated (70,000) and we do not know at present what is the subunit structure of the enzyme and mol wt of its polypeptide chain(s).
The optimum pH for lupin MTR-kinase activity (10-10.5 ) is three units higher than that for the enzyme from E. aerogenes (7. 3) (8) (Fig. 2) . Among the metabolites studied, actually only ADP, one of the reaction products, if not removed from the medium, may inhibit the reaction of MTR phosphorylation to some significant extent. Complete inhibition of the lupin MTRkinase byp-hydroxymercuribenzoate indicates that the sulfhydryl group(s) is essential for the enzyme activity.
The enzyme specificity with respect to divalent ions and phosphate donors is very narrow. That for phosphate acceptors seems to be wider since the synthetic analog of MTR, 5-isobutylthioribose, was also phosphorylated. Among the analogs of MTR, particularly those modified in the aliphatic chain at C-5 should be effective as substrates and/or competitive inhibitors of the kinase and might affect some physiological processes, e.g. fruit ripening. At present however, the appropriate compounds for checking this are not available.
This study provides experimental evidence that in plants MTR-1-P can be an intermediate of MTA catabolism. The data from this and other studies concerning MTA metabolism allow one to conclude that MTR-l-P is the metabolite common for all phylla.
As in the case of other sugar compounds, phosphorylation of the sugar portion of the molecule is just a prerequisite step before further metabolic transformation of MTR. MTR-kinase, the enzyme responsible for the appearance of MTR-1-P in plant tissues, is probably a unit ofthe new pathway for methionine biosynthesis, by which the MTA (MTR) methylthio group can be salvaged (24, 25) . De novo, methionine is synthesized in higher plants from (a) the four-carbon moiety ofaspartic acid via O-phosphohomoserine, (b) the sulfur of inorganic sulfate via cysteine, and (c) a methyl group from N5-methyltetrahydrofolate (triglutamyl derivative) (9) , and the relevant reactions apparently represent the quantitatively most important pathway for the sulfur amino acid formation.
